Background: Phenylketonuria (PKU), an inborn error of phenylalanine (Phe) metabolism, is treated with a low Phe lifelong diet, which is a vegetarian and contains many antioxidants. Aim: The aim of this study was to evaluate the effect of diet on plasma total antioxidant status in our PKU patients. Methods, Results: Twenty-two PKU patients on strict diet (group A), 24 PKU patients who did not accurately follow their dietary control (group B) and 40 healthy children (controls) of comparable age took part in this study. Nutrients, as well as blood levels of lipids, vitamin C, b-carotene and a-tocopherol were evaluated in all groups. Vitamin C intake and its blood levels did not differ between the groups. However, the intake of b-carotene, a-tocopherol (2211 AE 116, 14 AE 1.0 mg=24 h) and their blood levels (0.7 AE 0.09, 34 AE 0.9 mmol=l) in group A were statistically significantly higher (P < 0.001) as compared with those of group B (1352 AE 118, 10 AE 1.0 mg=24 h and 0.49 AE 0.08, 22 AE 0.6 mmol=l) and controls (1290 AE 120, 9.0 AE 0.9 mg=24 h and 0.40 AE 0.09, 24 AE 1.6 mmol=l). Lipid intakes and their blood levels were lower in patients on the strict diet. Plasma total antioxidant status was higher in the same group of patients (group A). Additionally, positive correlations were found between the antioxidant vitamin blood levels and the plasma total antioxidant status in the groups, especially in the group A. PKU patients of group A showed significantly higher antioxidant status (1.6 AE 0.2 mmol=l) as compared with those of group B (1.0 AE 0.19 mmol=l; P < 0.001) and controls (1.01 AE 0.2 mmol=l). Conclusions: The high plasma antioxidant status in patients with PKU, especially in those with a good compliance with their diet, is possibly due to the amounts of antioxidants which are present in their special low Phe vegetarian diet.
Introduction
Over the last three decades, biomedical literature has implicated free radicals in many pathological conditions. The harmful effects of free radicals lead to oxidative stress of the cells, if not neutralized by antioxidants (Halliwell & Gutteridge, 1989) . In neurons, damage to mitochondrial electron transport could have particularly serious consequences, because of their high energy requirements. A potentially deleterious event for neurons is the induction of lipid peroxidation via abstraction of hydrogen from unsaturated fatty acids in cell membranes (Frolich & Riederer, 1995) . In addition, chemical reductants (phenolics and vitamins) also play essential roles in preventing or reversing oxidative damage. The water-soluble vitamin C is present in high concentrations (2 -10 mmol=l) in the cytosol, while the lipid-soluble a-and g-tocopherol (vitamin E) are localized to lipid membranes, where they prevent or suppress lipid peroxidation (Jushi et al, 1996) .
Several epidemiologic studies have shown that the antioxidants b-carotene, a-tocopherol and vitamin C have been implicated in preventing neurogenerative diseases or slowing down the atherosclerotic process by inhibiting LDL oxidation. The most consistent and reliable association has been seen with vitamin E either with supplementation or with relatively high dietary intakes. b-Carotene and vitamin C intakes have been less clearly associated with a reduced risk of ischemic heart disease (Knekt et al, 1994; KlipsteinGrobusch et al, 1999; Jialal et al, 1991) .
Classical phenylketonuria (PKU), is an inborn error of metabolism characterized by high phenylalanine (Phe) and low tyrosine (Tyr) blood levels and treated by a controlled low-Phe diet started as soon as possible in the first days of life. Such a diet can be achieved with vegetable protein and can be considered non-atherogenic because of the reduction of animal products and an increase intake of dietary fibre (Vahouny, 1982) .
Since the special diet of PKU patients is a lifelong diet, it is of interest to investigate its effects on plasma total antioxidant status (TAS).
Patients and methods
The study was approved by the Greek Ethics Committee. Written permissions were obtained from the informed parents.
Patients
Forty-six children with PKU were classified into two groups according to their mean annual Phe (Phe mean) levels. All patients were discovered by 'neonatal screening' and were put on the special diet after tetrahydrobiopterin (BH 4 ) loading test and dihydropteridine reductase evaluation. Their daily protein intake was largely replaced by PKU 2 (Milupa AG), which is a Phe-free mixture of amino acids and contains vitamins, trace elements and carnitine but no fat of any kind. Group A consisted of 22 patients (mean age 7.7 AE 3.2 y, mean annual Phe levels 292 AE 60 mmol=l), with a good compliance with the special diet. Group B included 24 patients (mean age 8.0 AE 3.6 y, mean annual Phe levels 895 AE 54 mmol=l) who did not accurately follow their dietary control as evidenced by their high blood Phe levels. Normal children from the orthopedic paediatric outpatient clinic of comparable age (n ¼ 40, mean age 7.68 AE 2.6 y) and sex, were our control group. The daily nutritional intake of each child was evaluated by a one-month dietary protocol written by the mother in combination with a final 24 h dietary recall interview made by the doctor. The amounts of the daily nutrients were then calculated according to a coded food list (Paul et al, 1980) .
Methods
Blood (5 ml) was drawn from each member of the groups for the evaluation of the vitamins (vitamin C, b-carotene and a-tocopherol), Phe, lipids and total antioxidant status after 10 -12 h fasting, during the last 2 months of the previous year (2001) . Phe was evaluated with a standardized quantitative enzymatic assay, in dried blood samples on filter paper (2992 Schleicher-Schull) with R&D Diagnostics Ltd reagens (Wendel et al, 1990) . Tyr levels were evaluated in plasma as described by Faggiano et al (2002) , CV 1.8%. Lipid variables were measured spectrophotometrically with a routine method, using commercially available kits.
Plasma concentrations of b-carotene were determined by straight-phase HPLC, as described previously (Westsrate & Van het Hof, 1995) . Vitamin C was analysed fluorometrically in TCA-treated plasma as the concentration of ascorbic acid plus dehydroascorbic acid (intra assay variation 1.9% as determined in control plasma samples with 58 and 283 mmol=l vitamin C; Vuilleumier & Keek, 1991) . Plasma a-tocopherol levels were evaluated by a reversed-phase HPLC method according to the method of Hess et al (1991) (CV for a-tocopherol was 2.3%).
Plasma a-tocopherol cholesterol (a-tocoph=chol) ratios were calculated as the index of choice for vitamin E status (Hurnham et al, 1986) . TAS was measured in plasma as previous reported by Miller et al (1993) . Plasma was frozen for up to 14 days before analysis. 2,2 0 -Azino-DL-(3-ethylbenzthiazoline sulphonate; ABTS) was incubated with peroxidase (methyoglobin) and H 2 O 2 to produce the radical cation ABTS þ , which was a relatively stable, blue-green colour measured spectrometrically at 660 nm. Antioxidants in the added sample caused suppression of the above colour production to a degree proportional to their concentration. The assay range was 0 -2.5 mmol. Samples with concentrations >2.5 mmol=l were diluted with 0.9% NaCl and reassayed. According to Strube et al (1997) , the present method calculates both the radical scavenging effect and the effect on the rate of ABTS oxidation. A possible overestimation of TAS calculation is attributed to all groups studied.
Statistical analysis
Data are reported as means AE s.d.s. ANOVA followed by a Dunnet test were utilized for the comparison of the depended values (ie TAS). Since our data show normal distribution, a linear regression test was used to find the relations between TAS and their blood antioxidants.
Results

Nutrients
As shown in Table 1 , estimated energy expenditure and protein intakes did not differ between the three groups, but fibre and unsaturated fatty acids did. In addition, fat, monounsaturated fatty acid intakes, the polyunsaturated= saturated fatty acids ratio, cholesterol and monounsaturated fatty acids intakes differred between groups A and controls as well as between groups A and B.
Furthermore, statistically significant differences in b-carotene intakes were observed between all the groups and a-tocopherol between group A and controls. Vitamin C intake did not differ between the studied groups. Table 2 shows the mean values and s.d. of plasma antioxidant vitamins, plasma antioxidant status and lipids as well as the evaluated a-tocopherol=cholesterol ratio of the studied groups. Vitamin C plasma levels did not differ between the groups, but b-carotene concentrations were found almost Antioxidant status in PKU KH Schulpis et al duplicated in the group A, whereas a-tocopherol levels were statistically significantly higher only in the group A of PKU patients. The ratio a-tocopherol=cholesterol differred between the groups A and B of PKU patients and group A vs controls. Moreover, plasma total antioxidant status was statistically significantly higher in group A as compared with those of group B and controls. Finally, phenylalanine levels were different among the groups, whereas Tyr levels were remarkably decreased in group B.
Biochemical findings
As expected, vitamin C in plasma was in close relation to total antioxidant status in the groups, as well as b-carotenes, a-tocopherol and the ratio tocoph=chol mainly in the group A. Phe levels did not correlate with plasma antioxidant status in the groups (Table 3) .
Discussion
As already stated, substantial interest has been focused on the hypothesis that the naturally occuring antioxidant vitamins such as vitamin E, vitamin C and b-carotene may prevent myocardial infraction, progression of coronary heart disease or strokes (Sacks, 1994) . On the other hand, (Frolich & Riederer, 1995) . Additionally, epidemiological studies (Dwyer, 1988; Pan Wen Ham et al, 1993) have demonstrated that the risk of cardiovascular diseases in vegetarians was lower than in omnivores. These findings have been explained by a high polyunsaturated=saturated fatty acid ratio (P:S), low dietary fat and cholesterol intake, high fibre intake and primarilly plant protein sources (Pan Wen Ham et al, 1993) . In this respect PKU children on diet can be considered vegetarians (Schulpis & Scarpalezou, 1988) . However, not all the patients adhere to the recommended diet. In our study, the group of PKU patients on strict diet (group A) revealed a significant elevation of b-carotene and a-tocopherol intakes as well as in their blood concentrations, whereas vitamin C did not differ among the groups as a consequence of the high consumption of native fruit (ie orange), which is widespread in Greece. It is also known that vegetable and fibre consumption is associated with a substantially lower risk of coronary death. This may be, in part, because vegetables are good sources of minerals, vitamins and especially antioxidant vitamins such as b-carotene, a-tocopherol and vitamin C (Pietinen et al, 1996) .
Furthermore the amount of oxidized LDL can also be affected by dietary factors other than antioxidants (Jialal et al, 1991) . Reduced saturated fat intake lowers the blood concentration of LDL, as it was found in our PKU-patients of group A (Pan Wen Ham et al, 1993) , consequently the amount of their LDL available for oxidative modification should also be reduced. Parks et al (1998) achieved the latter by replacing fat in the diet with carbohydrates. An alternative way to reduce LDL concentrations was to replace saturated fat with polyunsaturated fatty acids (PUFA) as was done in the same group of patients. The high vitamin E content of such oils may provide protection against LDL oxidation. A combination of antioxidants is not believed to be clearly more efficacious in preventing oxidation than any one antioxidant alone (Reaven & Witzturn, 1996) . These findings are in agreement with our findings (Table 3) . Each antioxidant vitamin level in our studied groups correlated with their plasma antioxidant status. b-Carotene prevents oxidation of LDL (Jialal & Norkus, 1991) ; vitamin C also prevents oxidation of LDL and preserves vitamin E and b-carotene levels during oxidative stress (Sato et al, 1990) .
Additionally, plasma antioxidant status, in PKU patients, was significantly statistically lower in PKU patients of group B as compared with that of patients of group A. This could be due to their higher LDL levels and their lower b-carotene and a-tocopherol blood levels and=or the combination of the above. The observed high Phe levels in their blood seem to act as a weak free radical scavenger, although Phe in in vitro studies has been reported to react with OH free radicals to form hydroxylated products ortho-, meta-and para-tyrosines (Sun et al, 1993; Van der Vliet et al, 1994) . This could be due to their low Tyr blood levels, which is a common finding in PKU patients 'off diet' (Scriver et al, 2000) . Consequently the high Phe levels in group B patients may not work as scavengers, failing to form ortho-, meta-and para-tyrosines.
In conclusion, PKU patients on strict diet have a higher antioxidant plasma status as compared with those on 'loose diet'. Their high antioxidant vitamin intakes and their high levels evaluated in blood for the first time and in combination with their low LDL result in better antioxidant status as compared with those of PKU patients of group B and controls. The complex regulation of antioxidant defence is also dependent on other factors. One of them is glutathione metabolism, which is influenced by the presence of free radicals. Van Bakel et al (2000) showed in PKU and HPA patients that selenium in their plasma correlated well with their erythrocyte glutathione peroxidase and the antioxidant status was low in both groups of patients. Also, the authors reported that their a-tocopherol, albumin and uric acid levels were not different as compared with controls and recommended selenium supplementation in their diet. Interestingly, in group A of our patients, who adhered strictly to their special diet, b-carotene and a-tocopherol and their total antioxidant status were significantly higher as compared with group B, showing the antioxidant role of these vitamins (Jialal et al, 1991) .
Considering the present findings it can be suggested that PKU patients, by good compliance with their special diet, could improve their plasma antioxidant capacity.
